NASA CR-135411 

R78AEG289 



ROLLING ELEMENT FATIGUE TESTING 
OF GEAR MATERIALS 


INTERIM REPORT 


by 

A.H. NAHM 


GENERAL ELECTRIC COMPANY 
APRIL 1, 1978 


Prepared For 







Notional Aeronautics and Space Administration 


iS^A-CR- (35411) ROLLING ELEMENT MTIGUF 
TESTING OF GF^F FATEFISIG (Gencr.il Electric 
Co.) HO p HC A06/HF A01 CSC! 131 


G3/37 


N7R-3 1 4 27 


Onclas 

20226 


R.J. PARKER, PROJECT MANAGER 
NASA Lewis Research Center 


NAS3-14302 


). Report No. 2. Government Accmiicn No. 

NASA 1111-135411 

3. Raclplant's Catalog No. 

4. Titlii end Subtitle 

BO!, l.INfi ELEMENT FATIGUE TESTING OP GEAR MATERIALS 

6. Restart Data 
April 1978 

6. Performing Qrgenlritlon Coda 

7. Authorlsl 
A. 11. Nalim 

B. Performing Organliailon Report No. 
R78AEU2S9 

10, Work Unit No. 

9, Performing Organisation Nam* ind Addrtse 

Material fi Process Technology Laboratories 
Aircraft Engine Group 
General Electric Company 
Cincinnati, Ohio <15215 

12. Sponsoring Agency Name «nd Address 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio <f‘U35 

11. Contract or Gram No. 
NAS3-14302 

t3. Type of Report ant) Period Covured 
Contract Report 
(Pelt, 1975 through April 1977) 

14, Sponsoring Agency Code 


16. Suppltmantary Notes 

Project Manager, R.J. Parker 
Bearing, Gearing f| Transmission Section 


IT Abitrict 

Bolling olcinont Fatigue lives of el event alloys were eva! via toil vising the General I; lee trie 
Uoiling Contact 1 nlgue (RC) rigs. The eleven alloys studied wove three nitriding alloys 
(Super Nitrnlloy, Nltvnlloy 135, and Nltrnlloy N) , four ease carlmrlsing alloys (MSI 9310, 
CBS 600, CBS 10Q0M and Vasco X-2) , and four through- hardening nlloys (Vasco Matrix IT, 

AISI W-l, MSI S-2 and AISI 0-2), Several different heat treatments and/or melting processes 
have been studied on the three carburizing alloy steels. Metallurgical analyses were made 
before and after the lie rig tests. Test data were statistically n-utlyr.'nl using the 
Koibull distribution function, B-1Q lives (10* failure rates) •*** * c part'd versus VIM-VAIt 
AISI M-50 and carburized VAI1 MSI 9310, as reference alloys. 


17. Key Wordi (Suggest! by AuShor(s)) 


IB. Distribution Statement 



Rolling Element Pat'gn?, GP RC Rig, Bearing 
and Gear Alloy-, Case Hardening, Heat Treating 
Vacuum Molting Process, Microstructure. 

Unclassified - 

Publicly Available 

19, Security Cleulf, (of thi* report! 

20, Security Claud, iof this page) 

21. No, of Pages 

22, Price’ 

IP ASSIP1ER 

UNCLASSIFIED 

103 



* For sale by the National Technical Information Service, Springfield. Virginia 22151 


NASA-C-tfiB (Rev. 4-71) 























KORKWORP 


This luojvram was oondnolod hv tho Malarial \ l’roooss TooIiuoIorv 
Lahovatorios, Aivovall I'npino droup, donovnl Klootvlo Company, undov NASA 
Oonlvaol NASb'la UK 1 . Tho NASA Toohnloal Pvojool Mannpor was Ml . R..I. Pavkor 
oi tho UoavluR, tloai'lnp aiul Transmission Soot ion, NASA bowls Rosoavoh Coni or, 
Olovoland, Ohio 

Tho author aoknowloiij’os tho valuable jiuldanoo ot Moss vs , T.N. Bamborpor 
avul V.O. Rohovtshaw duriup tho entire oovivso ot tho invest ipat ion. Tho 
Toelmloal Proloel Manapev tor OK was Mr, P.B. Rostov, l’ho oont vlhut tons ot 
Ml*, h.,1, Rroopor , who performed tho tosllnp and ova luat Ion ossontlal in this 
study, avo also pvatol ul Iv aeknolodpod * 


1 i 1 



vAiur or ivnitkin 


J!«Vl lOll 




IVUVllOUO 

1. UTUOinVl’lON . ,.. 

n, rxmuMi’Nni 

;0 Vi"4 1 Viitorliil - * ...... 

M Uollnvj; i«'Ul;i,l l';ll l| v m' l'*'M l »n 

i l Mi't ;il \m >■. \i ill V*\ iiluat ton >>l lVr<t Mill oi l ,il>. 

,0 t'ii t i ,■ iu' I'fiiii Aiiiilv *0 

111. KrsrU’K AM' msorssiox 

ill AIM »>M0 
l' A i'll,'! t ,00 

v l A i'll,'! 1000M .uul \ ' 

,0 XtlflillnR \1U'V'< 

«'A Hnviifili H.iviliMi i U}\ llli'i'i 

1\, JirMMAUA WO I’OW! 1 M 0 NS 

\ , urri-m.'W'ts 

\ i . Aomotors 

\l ruvMou ‘TvorrnviVis or innnowr 

10 UOU lNil OONVAO V V'A VU1VV 1TM HAVA 
01 M MMA11V Of VIM' U1SI ITS 
1'A 


l i l 
l 




li 


li> 


*s 


l» 


in' 


H ' 


l> 1 


ivi 


0 1 


100 


10 ' 


KI'M»\H\ or MVl'AU l IVvlv' Al OHAUAO VKlJl;, 1'U'S 10 K 1 'IM' MWllil AU! 



LIST OF FIGURES 


Flguro 


Rape* 


1. 

2 . 
3, 

'I . 

5 . 

6 . 

7. 

8 , 

9, 

10 . 
11 . 
12 . 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20 . 
21 . 

22 . 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 


Overview, GE RC Rig . 

Closeup, Spar linen and Roller Geometry In RC Rig 

Typical Rolling Contact Fatigue Failure in l’ US 600 

Fatigue Life Comparison of AISI 9310 

U-10 Life Comparison of AISI 9310 

Optical Micros true tore of AISI 9310, Test Series x 

Optical Micros true turn ol' AISI 9310, Test Series AA 

Fatigue Life Comparison of CHS 600 

B-10 Fatigue Life Comparison of CBS 600 

Optical Micros true lure of CBS 600, Test Series y 

Optical Micros l rue lure of CBS 600, Test Series y 

Optical Micros true turn od CBS 600, Test Series y, Showing Small 

Carbides Along Prior Austenite Grain Boundaries 

Optical Micros true Lure of CBS 600, Test Series AD 

Optical Microstructure of CBS 600, Test Series AE 

Optical Mi c rest rue t ure of CBS 600, Test Series AF . . , . 

Fatigue Life Comparison of CBS 1000, M and Vasco X-2 

B-10 Fatigue Life Comparison of CBS 1000M and Vaseo X-2 

Optical Micros Iructu re of CBS 1000M, Test Series z 

Optical Micros true Cure of CBS 1000M, Test Series AB 

Optical Micros true ture of CBS 1000M, Tost Series AC 

Optical Micrographs Showing Fatigue Spalling and Structural Change 
in CBS 1000M (Test Series AC) alter 6.14 x 1 0 1 ’ cycles of RCF Testing .. 

Optical Microstructure of Vasco X-2, Test Series 

Fatigue Llfo Comparison of Nitriding Alloys 

B-10 Fatigue Life Comparison of Nit riding Alloys 

Optical Micros true ture of Super Niiralloy, Test Series u 

Optical Micros true ture of Niiralloy 135, Test Series v 

Optical Micros Irueture of Niiralloy N, Test Series c 

Faliguo Life Comparison of Through-Hardening Alloys 

B-10 Fatigue Life Comparison of Through -Hardening Alloys 

Optical Mi eros true ture of Vaseo Matrix II, Tost Series w. 

Optical Microstructure of AISI \V-1, Test Series rv 

Optical Micros true ture of AISI 0-2, Test Series /9 

Optical Microstructure of AISI S -2 , Test Series y 

RCF Test Results of VIM-VAR Super Niiralloy (Test Series u) ........... 

RCF Test Results of Air Melted Niiralloy 135 (Test Series v) 

RCF Test Results of VAR Vaseo Matrix II (Test Series w) .... 

RCF Test Results of VAR AISI 9310 (Test Series x) 

RCF Test Results of Air Melted CBS 600 (Test Series y) 

RCF Test Results of VAR CBS 1000M (Test Series z) 

RCF Tost Results of VAR AISI W-l (Test Series cy ) 

RCF Test Results of VAR AISI 0-2 (Test Series f? ) 

RCF Tost Results of VAR AISI S-2 (Test Series i ) 

RCF Test Results of VAR Vasco X-2 (Test Series^) 

RCF Test Results of VAR Niiralloy N (Test Series <f ) 

RCF Test Results of VIM-VAR AISI 9310 (Test Series AA) 

RCF Test Results of VAR CBS 1000M (Tost Series AB) 


4 

5 

6 

12 

13 

14 

15 
20 
21 
22 

23 

24 

25 

26 
27 

33 

34 

36 

37 

38 

39 
41 

44 

45 

46 

47 

48 
53 
51 

55 

56 

57 

58 
82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 


vii 





*17 . 

IK'S Tout 

Itotuil Is 

of 

VAK 

•tvS. 

IK'S Tost 

Itoso 1 I ii 

of 

VAR 

■to. 

IK'S Tool 

KoSUllH 

of 

VAK 

50. 

ItOt' Tent 

KOSU 1 1 S 

of 

VAK 

51. 

IK'S Tout 

llesti l 1 a 

of 

VAK 


OllS 1000M (To at Soot os At’) 
fits (?00 (Tost So i* lot* AD) 
t'ltS 000 (Too t Sort os AS) 
COS 000 (Toot SovtOrt AS) 
A.VS.I 0010 (huso 11 ho) 


vllt 




Table 


1. 

2 . 

3. 

4. 
3, 

3 . 

7, 

8, 

9. 

10 , 
11 . 
12 . 

13. 

14. 

15. 

16. 

17. 

18. 

19, 

20 . 
21 . 
22 . 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31 . 

32. 

33. 

34. 
3:. 

36. 

37. 

38. 

39. 

40 . 

41. 

42. 

43 . 

44. 


Chemical Composition of AIST 9310 

Heat 'fronting Piwims for AISI 9310 , , 

Summary of RCF Tost Results of AISI 9310 

Metallurgical Characteristics of AISI 9310 

Chemistry Specification for CHS 600 

Chemical Composition of VAH CHS 600 Toni Series All, AK ami AF 

Heat Treating Process for CHS 600 

Summary of RCF Test Results of CHS 600 

Metallurgical CharnelorlHl ies of CHS 600 

Chemical Composition of CHS 1000M ami Vasco X~2 

Heat Treating Process for CHS 1000M a ml Vasco X-2 

Summary of RCF Tost Results of CHS 1000M ami Vasco X-2 

Metallurgical Characteristics of CHS 1000M amt Vasco X-2 

Chemical Compos It ion of Nit ruling Alloys 

Heat Treating Process for Nil riding Alloys 

Summary of HCF Test Results of Nil riding Alloys 

Metallurgical Characteristics of Nit riding Alloys 

Chemical Composition of Through-Hardening Alloys 

Heat Treating process for Through-Hardening Alloys 

HCF Test Results of Through-Hardening Alloys 

Metallurgical Characteristics of Through-Hardening Alloys 

Physical Properties of .ubrioaut , Stauffer Jet 1 (MX t,- L-7808G) ........ 

Rolling Contact. Fatigue Tests, V1M-VAR Super N Ural toy (Test Series u). 
Rolling Contact Fatigue Tents, Air Melted, Nitrailoy 135 

(Tos t Series v ) , 

Rolling Contact Fatigue Tests, VAR Vasco Matrix II (Test Series w) .... 

Rolling Contact Fatigue Tests, VAR AISI 9310 (Tost Series x) 

Rolling Contact Fatigue Tests, Air Melted CHS 600 (Test Series y) 

Rolling Contact Fatigue Tests, VAR CHS 1000M (Test Sol res •/,) 

Rolling Contact Fatigue Tests, VAR AISI IV- 1 (Test Series a ) 

Rolling Contact Fatigue Tests, VAR AISI 0-2 (‘ si Series (?) 

Rolling Contact Fatigue Tests, VAR AISI S-2 t,Tosl Series y ) 

Rolling Contact Fatigue Tests, VAR Vasco X-2 (Test Series)*) 

Rolling Contact Fatigue Tests, VAR Nitrailoy N (Test Series C ) ....... 

Rolling Contact Fatigue Tests, VIM-VAH AISI 9310 (Test Series AA) ..... 

Rolling Contact Fatigue Tests , VAR CHS 1000M (Test Series AH) 

Rolling Contact Fatigue Tests, VAR CHS 1000M (Test Series At) 

Rolling Contact Fatigue Tests, VAR CHS 600 (Test Series AH) 

Rolling Contact Fatigue Tests, VAR CHS 600 (Test Series AK) 

Rolling Contact Fatigue Tests, VAR CHS 600 (Test Series Af) 

Rolling Contact Fatigue Tests, VAR AISI 9310 (baseline) 

Summary of RCF Test Results of Test Materials for Phase I ............. 

Summary of RCF Test Results of Test Materials for Phase II 

Summary of Metallurgical Characteristics of Test Materials for 

Phase 1 

Summary of Metallurgical Characteristics of Tost Materials for 
Phase II 


9 

10 

11 

11 

17 

17 

18 
19 
29 

29 

30 

31 
36 
42 

42 

43 
60 
61 

51 

52 
52 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

50 

51 
82 

101 

102 

103 


lx 



I . I NTROlH'CriON 


lieneral Electric Company, under Contract to NASA- Lewis Research Center, 
has boon conducting a program to invest igat o tlio rolling element fatigue 
characteristics of advanced boa r I up, and gear materials. 

Aviation transml ssion systems aro expected Lo be operated at higher 
Lemperatuve with Increased load capacity. This is a general requirement 
toward better efficiency not only In commercial Jet engines but also special 
engines in V/STOL or SST aircrafts. 


MSI l )3lO lias been most widely used as a standard aviation giar alloy 
because of its ease of processing and excellent case and core properties, 
However, it is limited to applications where maximum operating temperatures 
do not exceed 150° C ( 100° F) , There Is a definite need for higher tempera- 
ture gear materials. The materials must he equal to or better than AISI 9 H 1 0 
in terms of performance and reliability at elevated temperature (.200° C +) . 
There is also a need for good bearing materials as well as good gear mate- 
rials due to increased use of integral bearing/gear designs, for example, 
helicopter main rotor transmission systems. 

Since there has not been a systematic evaluation of rolling element 
fatigue life performance on various alleys including newly developed mate- 
rials, a major parL of this effort has been to study the rolling contact 
fatigue behavior under uniform, carefully controlled experimental conditions. 

The earlier phases of this study were concerned primarily with evalu- 
ating the rolling element fatigue characteristics and failure modes of hollow 
rolling elements. Included therein were investigations of through-hardened 
and case carburized materials having various Ob / 111 wal l thickness ratios. CO 
Additionally, work was also performed establishing the effect of different 
material combinations on rolling element tatigue. These efforts comprising 
of Tasks 1 through VIII of subject contract, have been successfully completed 
and have been reported. 

The purpose of this interim report is to document Lbe work covered in 
Tasks IX through XIII (February 1 9 7 ‘t through April 1 c l 7 7 1 of the subject 
contract (NAS3-1A 302) . The Tasks IX through XI 1 1 deal with the rolling 
element fatigue testing and subsequent metallurgical analysis of gear mate- 
rials. Rolling element fatigue lives ol eleven alloys were evaluated in 
Phase I, The effects of different heat treating processes and additional 
vacuum melting processing on the fatigue file of several carburizing alloys 
wo re studied in Phase II. The results aro compared with the standard avi- 
ation alloys for bearings and gears, AlSl M-30 and AIl'I 4310, respectively. 



II, EXPERIMENTAL 


Eleven alloys were tested in the General Electric Rolling Contact (RC) 
Fatigue Teat rigs. Several different heat treatments and/or melting pro- 
cesses have been studied on some of the eleven alloys. Metallurgical analy 
scs were made before and after the RC rig tests. Fatigue tost data were 
analyzed statistically using the Weibull distribution function. The experl 
mental details are described in the following. 

a) Test Materials 

Eleven materials were tested in 17 test series as follows i 



PHASE I 


Test Series 

Materials 

Hardening Process 

u 

CVM* Super Ni trailin' 

Case nitriding 

V 

AM**Nitralloy 135 

Case nitriding 

w 

CVM Vasco Matrix 11 

Through-hardening 

X 

CVM A1SI 9310 

Case carburizing 

y 

CVM CBS 600 

Case carburizing 

z 

CVM CBS 1000M 

Case carburizing 

a 

CVM A1SI VI- 1 

Through-hardening 

e 

CVM AISI 0-2 

Through-hardening 

Y 

CVM AISI S-2 

Thro u gh-h a rdenin g 

5 

CVM Vasco X-2 

Case eai'burizing 

E 

CVM Nitralloy N 

Case nitriding 


PHASE 11 


Test Series 

Materials 

Hardening Process 

AA 

VIM-VAR***AISI 9310 

Case, carburizing 

AB 

CVM CBS 1000H 

Case carburizing 

AC 

CVM CBS 1000M 

Case carburizing 

AD 

CVM CBS 600 

Case carburizing 

AE 

CVM CBS 600 

Case carburizing 

AF 

CVM CBS 600 

Case carburizing 


*CVM - Consumable vacuum melted. CVM is also celled as VAR 
(Vacuum arc remelted) . 

* * AM - Air melted, 

***VIM-VAR - Vacuum induction melted and vacuum arc remelted. 
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bl Rolling iVni net l'‘i* vgui' lest ing 


Rolling eon l net tat iguo tost:, woto eondueted in the ilouoral Vlootrle 
Rolling Font net tUt'l Fatigue lost Rigs. I'hose IU’ rigs luivo boon used slnoo 
ins; to oval unto Waving goal allv.vs and materials hihiteaiits iut ovaot Ions . 
rhotographs ol Ri’ rtgs avo shown in Figures I and 2. 11 to touting prooeduro Is 

dosoribod lu i5ouov.il riootvio Spoe i t io.it Ion ! nUT o* .ttnl also In Roiovonoo 1. 

Rxpovlutout.il tost renditions used in RF tigs wovo as tollows; 

Maximum Her i .* inn Stress »,R2o MPa y '00 knO 

Rolling Speed o .M m, soo t in sool 

l.ubr leant - Mil I 2R0S 

Temperature Room ambient 

load is applied to ptodueo hor l.* ian oontaot stvoss hv o lotting two Identi- 
oal l v M om t'.'i in. I diameter rollers with .i ovowu t.ulius ol O.hs om 
fO,2R in. I against a ovliinhio.il tost bar t’.u2 out t RO iu.1 long, O.ns; om 
tO, .17 S In.l diameter], 1'ho vollovs ato made ol t'\ M AIS1 M- SO, por AMS b**U0, 
with a hardness ol HRF ot*l. 


St aul lor .lot I brand vMlI.-l .'RORd'i oil is suppliod to tho oontaot Lug 
suriaoos, botwoon vollovs and spool won hv drip loodlng approx luutoly .'0 diops 
por minute. l'hysioal property data ol tlio luhvioaut ato givon in Appendix. A. 


Tost bars and lollors wore luiish ground to stu'.nv voughuoss ol O.l^ 
to 0,20 vim fh to R pin. 1 mitt and 0 , .'0 to 0,10 van yR to 12 nlu.l inis , 
respeet tvely. The oomposito surt.ioo roughness, ,v, is estimated using tho 
rolat ionsli ip: 


o 



t 



l 2 


who vo oi and o; avo tho smiaoo i oughnossos ot tho dating parts. However, 
tho tturlaoo rouglmossos vapidly eh.sigo to smoother suriaoos alter a short 
period ot testing time, Vensogiu at tv , the eomposite surtaoe roughness is 
assumed to equilibrate to 0.1R pm v ’ p in.; nan. 


I'heng 1 s iormul.t^* was usod to ea leu late the minimum oil t i Itu thieknoss 
l'min‘ Assuming the temperature >1 luhvioaut in the oontaot area to he 1R"' 0 
ylOO'' 1*1 , the t Uni thieknoss is 0.21 tan yR.l pin.’'. There love, tho spooifio 
tilm thieknoss ratio h U nn l>; ostimatod to ho about 1.2, l'his Is oousidoro 


d 


' v’ 

to bo partial olastohvdvodvnumie lubriealion, tvpieal ol bearing and gear 
appl ioat ions. 


Failure mode observed in KOF testing was ot elassteal suhsuriaoo initiated 
fatigue spalling or pitting, ehaiaetoi ist ie oi that observed in bearings and 
gears. A rolling fatigue failure ot v’RS uOO is shown in Figure l as an 



• m 






e ) Me L a 1 1 u r g 1 c a 1 Hvn 1 untlon of Teat_ Mn_t_er^lnl s 

Hardness in Rockwell 0 (llilC) converted from Rockwell 15-N was measured 
on each test bar before RCF testing. Mlerohardness measurements were made to 
determine the effective ease depths. The effective case depth is defined 
us the depth below surface at which hardness is IIUC 58. Conventional optical 
metallographlc specimens were prepared to examine the mlc restructure before 
and after the testing. 

Volume percent of retained austenite was determined on the surface 
of test specimens with an x-ray motallog: - ( ph;le technique. The technique 
involves the measurement of x-ray peaks intensity diffracted from (200) 
planes of austenite and martens lie structures. Chromium K a radiation at 
50 kv was used to obtain the x-ray diffracted peaks. 

d ) F a t Igue. Da La Analy si ,_a 

Rolling contact fatigue data were analysed in the Welbull distribution 
function and statistically cons idered in a manner suggested by Johnson. (5) 

The fatigue life in number of stress sycl.es as abscissa versus the statisti- 
cal cumulative failures as ordinate were plotted in the Welbull probability 
graph. 11-10 or 11-50 .lives are defined here as the number of cycles where 10% 
or 50% respectively of the test population are expected to fail, by spalling. 
Since early failures In contact fatigue are much more significant in 
engineering practice, U— 1.0 life was used as a criterion to evaluate the 
rolling contact fatigue life performance. 
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III. RESULTS AND M8CU8SI0N 


Rolling contact fatigue test results of all tests series and of VAR AISI 
9310, aa a baseline, are presented in Appendix 11. Corresponding Wolln.l - plots 
are also included In Appendix H. Appendix C represents a summary af teat 
results for Phase I and 11 in which 11-1.0 life, B— 50 .life, Weihu.ll sv>po and 
failure index are given. The failure index is defined as number of failures 
out of total number of tests performed. Data for V1M-VAR AISI M-50 are also 
included In Appendix C as baseline. These are base’ on more, than 250 tests 
from 12 different heats which were heat treated to URO 63il. A summary of 
metallurgical characteristics for Phase I and II test materials is given in 
Appendix 1). 

For convenience, this chapter is divided into five sections ns follows: 

a) AISI 9310 

h) CBS 600 

c) CBS 1000M and Vasco X-2 

d) Nit riding alloys 

o) Through-hardening alloys 

The. results described in Appendices are rearranged accordingly, 
a) AISI 9310 

Chemical compositions of AISI 9310 used in this investigation are given 
in Table 1, Table 2 gives the details of the heat treating process used Tor 
AISI 9310, As shown in Table 2, Test Series AA and baseline were heat treated 
at the same time under identical conditions. The main object therein was to 
find the effect of double vacuum melting (VIM-VAR) versus single vacuum 
melting (CVM) on rolling element fatigue life of AISI 9310. 

Table 3 shows RCF test results and the Weibull plots of the results are 
presented In Figure 4. B-.1.0 Lives are also indicated ns a bar chart in Figure 

5. 


Optical photomicrographs showing case and core micros true tures of Test 
Series x and AA are given in Figures 6 and 7. No noticeable differences in 
optical microstructure were found between VIM-VAR AISI 9310 (Test Series AA) 
and VAR AISI 9310 (baseline). Figure 6-(a) clearly shows that high retained 
austenite is present in the case micros true Lure of Test Series x specimens 
(compare with Figure 7-(n)). The retained austenite is seen as unotehod white 
background phase. A summary of metallurgical analysis of AIST 9310 test 
series is given in Table A. Variations of the amount of retained austenite 
present in the case structure were measured to he 8.3%, 11.2% and 20.1% for 
Test Series AA, baseline, and x respectively. Retained austc-.vite and melting 
process seeiu to be the only significant variables Influencing rolling contact 
fatigue life behavior of MSI 9310 under the present experimental conditions 
(see Table 4) . lUf ferenees among all the other important variables, for example, 
hardness, effective case depth, etc., are minimal. 
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AISI 9310 AISI M-50 

FIGURE 5. B-10 FATIGUE LIFE COMPARISON OF AISI 9310 












An Increase In retained austenite I tom 1 1 . to 20,1*. In uccompuu led by 
an Improvement In rolling oontaot fatigue (more than three tlmesl trow >».tS x 
lib' (,‘voU'B to la. H„' x 10*' eve 1 os In H~10 lllo. It la Interesting to no to that 
no ill I leveneo In rolling oontaot fatigue wan tound hotwoon specimens with S. VI 
ami 1 1 . .n rot alnml austenite. It way ho that retained austenite must exceed 
JO* to show significant Influence In rolling oontaot fatigue, This Is In 
general agreement with Korn's report U*' that 1'“. to 10*. retained austonllo In 
ease structure la honotlolal to rolling oontaot latlgue of gears * It is also 
known that votalnod auatonlto ouhanoos Iwpaot latlguo, high ami low ovolo 
latlguo, and toughnoss of mat or la 1st ’”101 , 

Retained auatonlto In proolslon hoavlng Is kept at wlniwal hvol tot ton 
toss than **„’>, This Is hooauso votalnod austonllo Is Known to tnduoo un- 
dost rah I o dlmonslonal instahllltv. Retained austonllo transforms to marten- 
silo undor loading or at olovatod towporaturo, causing dlmonslonal ohangoa. 
llowovor, In goars, it way ho possible to allow sowo amount oi rotalnoil 
austonllo. This Is duo to tho loss strlngont dlmonslonal requirements In goar 
design than bearing doslgn. Tho dlmonslonal ohsugo Is expected to ho negli- 
gible hooauso votalnod austonllo exists most Iv near surlaoo oaso struotuvo. 

It was also suggest od that tho i runs l ormat Ion umlor loading may provide a 
favorable residual stress distribution against tho surlaoo latlguo damage i' 1 \ 

It Is also apparent that double vacuum proeessed A 1 SI '*110 (.VlM-VAlO does 
not improve Kigali leant ly roll ing oontaot latlguo l l to portormaneo over 
single vaeuum proeessed ATSt 'VI 10. This Is In contrast to through* -hardened 
AISI MAO whore V IM-VAR AISI M-xO has twice the rolling oontaot fatigue life 
of VAR A. I St M-AO. l'rosonl results also Indicate that AISI Olio is equivalent 
to or slightly hotter than VIM** VAR AISI M ‘>0. However, the difference between 
VAR A1SI 'VU0 and VIM-VAR M* X0 is slat 1st leallv lustgnt 1 leant , 

M OHS t'00 


Ohemlslry specification tor OHS u00 Is given In Table x. The chemical 
composition of OHS nOO used in Tost Series Ah, \F and AF, Is given in Table n. 
Ohomlstvy for Tost Series y (Meat a.'V tot.'Sl in not available. Heat treating 
procedure for the lo t ur sots of tost series are described In table 7. It 
should bo noted hero that the heat treat procedure used for Test Series AT Is 
t ha t recommended by the mu t er I a l supp 1 1 or , 

Rolling contact fatigue tost results are summarized In Table S and the 
summary of We limit plots is given In Figure S. Wethull plots of VIM-VAR A1S1 
M— SO and VAR AISI ') VI 0 are also Included In Figure S, Figure ') shows lb* 10 

lives of OHS n00, VAR AtSt *>110 and VIM-VAR AISI M** l '0 as a histogram. 

Optical photomicrographs are presented in Figures 10 through l 1 ' to show 
the case and core mlorost ruoturo of OHS ('00. Mtorost rue lure observed in Tost 

Series y is shown In Figures 10, II, and 10. Fore grain size Is estimated to 

bo ASTM > l 7 to S. U is also noted lltal l ine networks oi small carbide 
particles were found to form along the prior austenite grain boundaries in the 
case mlorost rue lure of Test Series v (Figure ll-faVl. This Is clearly shown 
at higher magnlf leal ton (Figure l.M. 
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Table 7. Heat Treating Process for CBS 600. 


Heat 

Treating 

Test 

Series 

y 

AD 

AE 

AF 

Preheat 

593° C (1100° F) 
30 minutes 

— 

1 

i 

— 

1 

1 

Carburize 

927° C (1700° F) 
6 hours 

941 o /968 0 C (1725°/1775° F) 
13 hours, oil quench 

Same as AD 

Sane as AD 

Condition 

— 

621° C (1150° F) 

4 hours, air cool 

Same as AD 

Same as AD 

Austenitize 

857° C (1575° F), 
oil quench 

829 D /843° C (1525 o /1550° F) 
in salt 30 minutes, oil 
quench 

Same as AD 

Same as AD 

Deep freeze 

-73° C (-100° F) 
3 hours 

— 

— 

-73° C f-lOO” F) 
1 hour 

Temper 

182° C (360° F) 
1 hour 

182° C (360° F) 
2+2 hours 

314° C (690 a F) 
2+2 hours 

Sane as AE 



















'fable 8. Summary of KOI' Test Results of OKS bOO 


Test 

Series 

Melting 

Practice 

K- 10 Life, 
x 10b cycles 

— 

K-bO Life, 
x lfd’ e cles 

Slope 

Failure^ 

Index 

y 

AM kl ’' 

7,21 

lb.. 10 

2 . 29 

18/20 

AW 

VAU (0> 

b. lb 

11.7b 

2.09 

8/10 

AK 

VAR 

’'.81 

U.Ol 

1 OS 

10/10 

AF 

VAR 

i. ;9 

9. til 

' 0 ' 
*• > v *< 

10/10 


fal Number of failures out of total number of tests. 
O'' 1 Air-melted, 
id Vac cum arc rente l ted. 


Tost Oondi t_i ; onist _ 

Stnax fMax. llertx Stress'): •t,82h MPa 1 700 ksii 

Speed: b.2.1 m/sec i;M.H in/sec') 

Lubricant: MIL-L-7808 

Tempo r a t u re : Ro om- amb 1 on t 
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FiGURE 8. Fatigue Life Comparison of CBS 600 
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No noticeable difference was found in optical mierostructuro of Test 
Series AD, AK, and AT, representative micros true Lure is shown In Figures 11, 
.14, and 1!). The fine carbide network observed in Test Series v was not found 
in Test Series AD, AK, and AT, indicating carbon potential employed during 
carburizing cycles was likely to he higher for the case of Test Series y. It 
should be mentioned here that the micros true turo observed In Test Series AD, 

AK and AT Is quite close to the optimum microst rue lure for hearing and gear 
applications recommended by the material supplier*- * * ) . CHS hOO is known to 
have almost 100£ martensite in the case, and martensite plus ferrite in the 
core when heat treated under the recommended procedure. White acieular 
phases in Tigures 14-(h) and ll-fh) are indicated to he ferrite. 

A summary of micros true tural analysLs such as core grain size, ease and 
core hardness, effective ease depth and the volume percent of retained 

austenite present in the ease structure is presented in Table *1, 

It is apparent from the test results that the rolling contact fatigue 

life strength of CBS bOQ alloy is equivalent to or better than that of VAR 

A I SI i)310 or that of VTM-VAR M-BO. It is also found that the effect of 
different tempering temperatures employed and the Introduction of subzero 
treatment on rolling contact fatigue do not appear to he significant. The 
reason is attributed to the fact that the variation used was not extensive In 
th.ls investigation. 

Even though specimens from Test Series v have higher retained austenite 
and are air-melted, no conclusive remarks can he made because the specimens 
have higher UIRC h*j) hardness than other three Test Series AD, AK and AT, 
However, there is a slight trend toward Increased rolling contact fatigue life 
with increasing retained austenite from 2 to A!'... The trend Is slat 1st leal iv 
insignificant. It appears that further study is needed to find the effect of 
retained austenite 0 to 10".. which is often present In actual applications. 

o ) CBS LO OOH and Van eo X- 2 

Chemical compositions of CBS looiiM and Vasco X-2 used In this study are 
provided Ln Table 10. Both material are recommended for continuous service 
up to 600° T (316° C) in hearing and gearing applications. Metallurgical ly, 
ease structure of CHS 1000M and Vasco X-2 can be said to be comparable. As a 
matter of fact, Vasco X-2 is a derivative of A1SI 11-12 tool steel ( r > Cr - 
1 Mo), being close to AISI 11-12 with low carbon content, ln CBS 1000M, 
chromium is reduced to 1% to avoid oxidation problems during carburizing. 

Three percent nickel is added for toughness and workability. Vanadium is 
mainly used for gain refinement. 

Table 11 describes the details of heat treatment used for CBS 1000M and 
Vasco X-2. CBS I DOOM was triple tempered at approximately 1000° V ( VlB a C) to 
take advantage . a secondary hardening effect, Vasco X-2 was triple-tempered 
at 600° T (31b° C). 

Table 12 summarizes the results of rolling, contact fatigue tests o! CBS 
1000M and Vasco X-2. Weibull presentation of the results are given in Figure 
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Table 9. Metallurgical Characteristics of CBS 600 


Test 

Series 

Effective* 
Case Depth, 

Case 

Hardness, 

Case 

Core 

Retained 

Austenite, 

Hardness 

HRC 

Grain Size 
(ASTM Number) 

y 

0.76 (0.030) 

65.0 

8.7 

43.0 

7-8 

AD 

0.84 (0.033; 

61.7 

4.3 

41.0 

7-8 

AE 

0.84 (0.033; 

60.3 

3.4 

41.0 

7-8 

AF 

0.76 (0.030) 

61.6 

2.1 

41.0 

7-8 


*Depth below the surface at which HRC ao occurs. 


Table 10. Chemical Composition of CBS 1000M and Vasco X-2 


Test 

Series 

Test 

Materials 

z , AB 

VAR CBS 

and AC 

100QM 


VAR 


VASCO X-2 


Alloying Element, percent by weight (balance Fe) 


S. Mn 


0.135 0.43 0.48 0.019 0.018 


1.12 0.33 4.77 


0.88 0.29 0.008 0.012 1.32 4.95 0.42 1.34 0.02 0.06 0.09 


Ni 

Cu 

2.94 

0.15 

0.06 

0.09 
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" Table 11. Heat Tree 


Heat \ Test Materials 
Treating \ (Test Series) 

VAR 

CBS 1000M 
(z) 


Preheat 

593° C (1100" F) 
2 hours 


Carburize 

927° C <1700" F) 
6 hours 


Reheat 

738° C (1450° F) 
30 minutes, 
raoid increase 
to 1107° C 
( 2025 ° F) 


Austenitize 

1107'' C (2025" F; 
oil quench 


Temper 

— 


Deep Freeze 

-73° C (- 100 ° F ) 
3 hours 






Temper 


566° C (1050° F) 
2+2+2 hours 


Process for CBS 1000M & VASCO X-2. 































Table 12. Summary of RCF Test Results of OHS 1000M and VASCO X-2 


Test 

Series 

Test 

Materials 

B- IQ Life, 

X I0 h cycles 

H-10 Life, 

X IQ6 cycles 

Weibull 

Slope 

Failure*'' 1 ^ 

Index 

s 

VAR 

CUS 1000M 

1.00 

* 1.99 

2.73 

20/20 

AH 

VAR 

CBS 1000M 

2.71 

6.22 

2.27 

10/10 

AC 

VAR 

CHS 1000M 

2.11 

A. OS 

2.80 

10/10 

6 

VAR 

Vasco X-2 

6.31 

lb. 13 

2.16 

20/20 


(a) Number of failures out of total number of tests. 
Test Conditions; 

Max. llerts Stress: A, 826 Ml’ a (700 ksi) 

Speed; 6.23 tu/see (2A5 in/ see) 
bub r leant: MIL- 1,-7808 

Temperature : Room-ambient 
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16 where the data for VIM-VAR AISI M-50 and VAR AISI 9310 are Included for 
comparison. B-10 lives of CBS 1000M, Vasco X-2 and baseline data of the VIM- 
VAR AISI M-50 and VAR AISI 9310 are compared in a bar chart in Figure 17. 

It is shown within the range of the present experimental conditions that 
VAR CBS 1000M is inferior to both VIM-VAR ArSI M-50 and VAR AISI 9310 while 
Vasco X-2 is better than the baseline materials. Direct comparison between 
Vasco X-2 and CBS 1000M, however, appears to be Invalid because of their 
differences in the amount of retained austenite present in the case structure. 
The superior performance of Vasco X-2 is attributed to the excessive amount of 
retained austenite (22%) (Table 13). It is noted that if these materials are 
used for rolling element bearings, such high retained austenite may not be 
desirable. 

A summary of metallurgical analyses on CBS 1000M and Vasco X-2 is given 
in Table 13. Optical microstructures of these materials are shown in Figure 
18 through 22, It is Interesting to note that a microstructural transforma- 
tion was observed in CBS 1000M due to rolling contact fatigue. This is 
clearly shown in Figure 21. The microstructural change was observed at about 
0.18 mm (0.007 in.) below the surface. It is consistent with the distance 
from the surface where maximum shear stress exists in the specimen. No 
microstructural changes were observed in all the other alloys used in the 
present investigation. The reason for this is unknown . The evidence for 
high retained austenite found in Vasco X-2 is shown in Figure 22-(a). 

d) Nitriding Alloys 

The chemical compositions of nitriding alloys, VIM-VAR Super Nitralloy, 

AM Nitralloy 135 and VAR Nitralloy N are described in Table 14. Table 15 
illustrates the heat treating details used for the alloys. An additional 
tempering at 593° C (1100° F) for four hours was given to heating treating of 
VIM-VAR Super Nitralloy, This temper reduces core hardness from HUC 50 to I1RC 
42, The results of rolling contact fatigue tests on nitriding alloys are 
summarized in Table 16. Figure 23 shows the corresponding results plotted 
graphically on the Weibull coordinates . B-10 lives are compared as a bar 

chart in Figure 24. Included in Figures 23 and 24 are the test results on 
VIM-VAR AISI M-50 and VAR AISI 9310. 

It is apparent from the above results that the rolling fatigue life of 
these nitriding alloys, VIM-VAR Super Nitralloy, AM Nitralloy 135 and VAR 
Nitralloy N is inferior to VIM-VAR AISI M-50 and to VAR AISI 9310. 

Figures 25, 26, and 27 are optical micrographs showing case and core 
microstructures of VIM-VAR Super Nitralloy, AM Nitralloy 135 and VAR Nitralloy 
N, respectively. Delineated formation of nitrides, along grain boundaries, 
are evident in nitrided case structures of the alloys investigated. The 
preferential formation of nitrides is, in general, a common phenomenon in 
nitriding alloys. 
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Cumulative Failure, Percent 



10 3 10 6 10 7 

Fatigue Life, Stress Cycles 

FIGURE 16 . Fatigue Life Comparison of CBS 100GM and Vasco X-2 







Table 13. Metnllurftleal Characteristics of CBS 1QQ0M and Vasco X-2. 


Teat 

Series 

Test 

Materials 

Effective 
Case Depth, 
mm (in) 

Case 

Hardness, 

I1RG 

Core 

Hardness , 
HRC 

Retained 

Austenite, 

% 

?. 

VAR 

CBS 1000M 

0.75 (0.030) 

60.1 

45.0 

N.D. 

AB 

VAR 

CBS 1000M 

1.09 (0,043) 

61,6 

47.0 

r*. 

t— i 

AC 

VAR 

CBS 1000M 

0.76 (0.030) 

60 . 9 

47.0 

0.4 

5 

VAR 

Vasco X-2 

0.89 (0.035) 

60.0 

43.0 

22.0 


N . D . : No fc-De tec ted 
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Table 14. Chemical Composition of Nitriding Alloys. 


Test 

Series 

Test Material 

Alloying Element, percent by weight (' fiance Fe) 

C 

Si 

Mn 

S 

P 

Cr 

Mo 

ni 

A1 

Cu 

u 

VIM-VAR 

Super Nitralloy 

0.24 

0.22 

0.25 

0.003 


0.56 

0.26 

5.16 

2.06 

— 

V 

AM Nitralloy 135 

0.41 

0.34 

0.63 

0.012 

0.010 

1.63 

0.39 

0.21 

1.04 

— 

£ 

VAR Nitralloy N 

0.25 

0.24 

0.58 

0.003 

0.004 

1.18 

0.27 

3.54 

1.22 

0.06 


Table 15. Heat Treating Process for Nitriding Alloys. 


Heat \ Test Materials 
Treating \ (Test Series) 

VIM-VAR 

Super Nitralloy 
(u) 

AM 

Nitralloy 135 
(y) 

VAR 

Nitralloy N 
fe) 

Preheat 

927° C (1700° F) 

15 minutes, AC to RT 

— 

— 

Austenitize 

899° C (1650° F) 
oil quench 

927= C (1700° F) 
oil quench 

899° C (1650° F) 
oil quench 

Temper 

566° C (1050° F) 
8 hours 

649° C (1200° F) 
1 hour 

649° C (1200° F) 
1 hour 

Nitride 

527° C (980° F ) 
72+72 hours 

527° C (980° F) 
72+72 hours 

527° C (980° F) 
72+72 hours 

Temper 

593° C (1100° F) 
4 hours 

— 

— 




























Tit hie it>. Summary ot Rt'P Ton t Result s ot Nltvldins A1 levs. 


Test 
Set let* 

Test Materials 
(Molting Process) 

B- 10 1,1 lo, 
x 10b eye Ion 

H SO bit e, 
x Iflb cycles 

We (hull 
Slope 

l\t l luro^ 
Index 

u 

Super N U ral ley 
(VIM-VAH) 

2 . 'el 

•t . tl‘» 

2 . 8‘) 

20/20 

V 

Nltralloy US 
(Air Melted) 

IU,S 

•i.r; 

1 .(>8 

.10/ .10 

r 

Nltralloy N 
(OVM) 

mm 

.*« , 0 1 

m 

20/20 


(a) Number of failures out el total number ot testa. 


Test ^ t;on_Jitions_: 


Max. Herts: Stress: a,82t> MPa i/00 ksl) 

Speed: t> . 2d m/see { 1 a h ln/aeel 

Lubricant : MU,- 1,- 7808 

Tempera t tiro : Ronm-mnh ten I 

























Cumulative Failure, Percent 



Figure 23, Fatigue Life Comparison of Nitriding Alloys 
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FIGURE 24. B-10 FATIGUE LIFE COMPARISON OF NITRIDING ALLOYS 
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Table 1/ la an outline of mo la VI urfi ton I charnel eristi on oi uitrldlng 
alloys, Rtfeetive ease <1 opt Iks wo re measured to ho 0,40 mm (0.01'i Inch) at tor 
1 AA iiourn (/2 I /2) nltrldlug at Vi’}* 0 (‘>80" l’) . 4.8 volnmo percent of 

votalnoil austenite wan present In tho onno nurlnoo of Sopor Nltralloy. Ko- 
ta l noil aunt on l to wan not delected In hot It Niltnlloy IV) and Sopor Nltralloy. 

Tho nltallow ease doptlni and/or tho preferential segregation of nltrldon 
on ft rat i boundaries porpondloolar to diltunlon direction oould oontrihuto to 
tho poor rolling oontnoL fatigue performance of uitrldlng alloys. 

It han boon found that a nltridod oano oan bo ronltridod at htfthor (l.e., 

8Y'i) d issue lat Ion of ammonia (Nil}'). Tin* real l riding oyulo Increases tho oano 
dopth and aJno seems to eliminate tho onvolopmont of grain bounda-les with 
nl trUlostt'O , Disadvantages of uitrldlng aro: (1) tho excessive nit riding 

t line (100 T houva) and (2) tho formation of whlto Inver plmaon. A moro rooont 
process known an ton-nil rldJnft in uald to ovoroomo tliono problems^ ton- 
nltridod mat or Lain allow Improvod falfftito strength ami tho whlto lavor control 
In easier. SInoo Ion-nit riding nnoa Iona energy and nltridlng l Imo with 
advantages In moohanlo.il woar proportion, tho prooona appoara to ho attraotlvo. 

o) Tlmuigh~lla rdun lug Al loys 

Four through-hardening alloys, VAR Vasco Matrix VI, VAR AISI W- I , AISI 0-2 and 
AISI S-2 wore invest iftatod. Table 18 gives tho chemical composition of the 
alloys. MSI W-l, AISI 0-2 and AISI S-2 aro low alloy stools. Vasoo Matrix 
II lias a high alloy content with 0. ViJJ carbon plus nearly 2 Of. alloying elements... 
Tts metallurgical ebarae tort sties are similar to AISI M-IO, AISI T-l and other 
high speed tool stools. Heat treating processes lor the through-hardening 
alloys are described In Table 1‘). As shown In Table V), AISI W-l, AISI 0-2 
and ATSI S-2 were tempera ted at low temperature because of lean at loving elements. 

Table 20 Is a summary of the results from rolling contact fatigue tests 
on through-hardening allt/e. The results are also plotted In tho Welhull 
function as shown In Figure 28. As previously, the results ol VIM-VAR AISI M- 
S 0 and from VAR AISI l > 1 1 0 are Included lu Figure 28 lor comparison. 11**10 
lives ol these are given as a histogram in Figure 2 l ). 

Tlu* above results Indicate that VAR AISI. W-l and VAR AISI 0-2 are 
superior to VAR Vasco Matrix If, and Is equivalent to VIM-VAR AISI M-'.O and 
VAR AISI 0110, and VAR AISI S-2 Is also Indicated to bo Interior to VIM-VAR 
AISI M-SO and VAR AISI ‘Utu In rolling contact fatigue Vile performance. 

Moderate s iso carbide particles and line grains observed in Vasco 
Martlx VI. arc shown In an optical micrograph (Figure 10). Optical micro- 
structures of AISI W-l, AISI 0—2, and AISI S-2 are shown In Figures 11, 12, 
and 11 respectively. A relatively high density of Inclusions was tound In 
AISI S-2, Poor rolling contact lallgu- test results of AISI S-2 may be mainly 
due to the inclusions found In the microstructure. Hardness and the amount ol 
retained austenite are described In Table 21. Relatively high amount ol 
retained austenite, b.bf and O.pf respectively, was I omul In AISI W-l and 
A IS l 0-2. This may account for tho longer lives observed In these alloy than 


Tt) 


























Chealcal Cosn>ositicn of Through-Hardening Alloys 














































Ta Mo JO. ROT Tout Roaults nt Thtvugh-Hartlonlnfi Altova 


Tout 
Sot i OH 

To «t 

Mat or la la 

R-10 Ft t o, 
x ID 1 ' oyolos 

U-S0 Uto. 
x 10** oyv lou 

w 

VAR 

ViUtoo Matrix II 

1 . uO 

8.01 

a 

VAR 

A181 W-l 

S . 1 >.S 

l«.b8 


VAR 

A IS I 0-2 


VAR 

A IS l S~2 


18. /0 


Wo i bull Fa Hurt 

Slopo liutox 


20/20 


1.SS 17/20 


M/20 
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VIM-VAR ASI M-5Q. As mentioned previously, these high percentage of retained 
austenite may not be desiruble for rolling element bearings. 
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IV. SUMMARY AND CONCLUSIONS 


Rolling element fatigue lives were evaluated with eleven alloys in the 
General Electric Rolling Contract (RC) rigs. Several different heat treat- 
ments and/or melting processes have been studied with three carburizing 
alloys. Metallurgical analyses were made before and after the RC rig tests. 
Test data was statistically analyzed using the Weibull distribution function. 
The results were compared with the standard aviation alloys, VIM-VAR AISI M- 
50 and VAR AISI 9310, The following conclusions were obtained. 


For AISI 9310 


• Rolling contact fatigue life of VAR AISI 9310 is equivalent to or 
slightly better than VIM-VAR M-50. 

• It was found that double vacuum process did not improve rolling 
contact fatigue life over single vacuum process in AISI 9310. 

• It was also found that rolling contact fatigue life is dependent on 
level of retained austenite present in the case structure. In the 
range of 10 to 20 volume percent retained austenite in the case, B- 
10 life of AISI 9310 was shown to be increased more than three 
times, from 4.18 x 10^ cycles to 14.82 x 10^ cycles. Little change 
ir rolling contact fatigue life was observed between specimens with 
8.3 and 11.2 percent retained austenite. 


For CBS 600 


• Rolling contact fatigue life performance of CBS 600 was found to be 
equivalent to or better than that of VAR AISI 9310 and VIM-VAR AISI 
M-50. 

• The effects of different tempering temperatures employed and the 
introduction of freezing cycles on rolling contact fatigue do not 
appear to be significant. The reason is attributed to the fact 
that the variation employed was not extensive in this investiga- 
tion. 


For CBS 1000M and Vasco X-2 


• VAR CBS 1000M is inferior to VIM-VAR AISI M-50 and VAR AIS 9310, 
while VAR Vasco X-2 is superior to the two base materials. The 
superior performance of Vasco X-2 is attributed to the excessive 
retained austenite present in the case microstructure. 
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For Nitriding Alloys 


• Rolling contact fatigue life performance of nitriding alloys, VIM- 

VAR Super Nitralloy, AM Nitralloy 135 and VAR Nitralloy N is inferior 
to VIM-VAR AISI M50 and to VAR AISI 9310. 


For Through-Hardening Alloys 

• VAR AISI W-l and VAR AISI 0-2 are superior to VIM-VAR AISI M-50 and 
VAR AISI 9310 in rolling contact fatigue performance. 

• VAR Vasco Matrix II is found to be equivalent to VIM-VAR AISI M-50. 

• The rolling contact fatigue life behavior of VAR AISI S-2 is found 
to be inferior to that of VIM-VAR AISI M-50. This may be due 

to the high degree of the inclusions observed. 
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VI. APPENDICES 


Appendix A 


Table T,2. Physical Properties of Lubricant, Stauffer Jet I. 

(MIL-L-7808G) 


Kinematic Viscosity, cs 


Source 

-20° F 

480.0 

(2) 

100 

14.76 

CD 

210 

3.70 

(1) 

400 

1.2 

(2) 

Fire Point, ° F 

490 

(3) 

Flash Point, ° P 

425 

(1) 

Pour Point, ° F 

Below -75 

(1) 

Specific Gravity, 60/60° F 

0.950 

(3) 

Vapor Pressure, mm Hg 

100° F 

ca. 10"5 

(4) 

3 ’i ; * F 

0.88 

(4) 

400" V 

1 • 45 

(4) 

Specific Heat, Btu/lb-° F 

100° F 

0.470 

(2) 


(1) Batch 39<y 

(2) Vendor *.ita, Extrapolated or Interpolated 
\3) Vendor Brochure 

(4) AF D' J'a 


G3 



Appendix U 


TaMo U Kelt tup I’ontaet Fai Igue Ton in 

VIM VAR Super Nile 

lTo«l .Series ul 


’lent Fond I (train 


j; ma\ ** "»**•'*' Ml'-i 1*00 Ui«n 

l.ulu leant: Mil, 1 

Spet'd « n*.M m/st'e. iM‘< In/seel 
t,.'S,000 rveleu/mliul 

Temperature: Room 

T. ftt Number St vohh 

Ove leu to Failure 

1 

.i,ou>,,vo 

•» 

sis, ooo 

\ 

1,SM,000 

>1 

1, ISO.l-.O 

‘i 

S, ,’f'S, ,00 


1,0S0,.’00 

* 

1, SUP, ISO 

S 

s, 010,, '00 

o 

, s«>(, , .*00 

10 

1 ,‘iss, laO 

1 1 

I,|U1 ,100 

1.' 

■i , 1 u-i , .’00 

1 l 

, 0<i l , SeO 

1 .i 

t ,ooo,soo 

is 

',ss;,.,oo 

le 

s, , nun 

1 ,* 

\ SSI ,000 

IS 


is 

u.oit*, s;o 

.'0 

0 ,s.M,S 0 .l 


We t I'M 1 1 Anal ysts 

U 10 i lie: \ 

I' SO lire: *, tel \ 

.slope: »' . Sa 


10 ( ' eve 1 o» 
1 0^' eve 1 or? 


t'l 


al lev. 

r - 


;«o« 

-amMonl 



Tahlo 24. Rollins Contact Fatigue Testa - Air Molted, Nitralloy Ilf) 


(Teat Series v) 


Test Conditions 

S mnx - 4,826 K?a (700 ksi) Lubricant: MIL-L-7808 

Speed » 6.23 to/ see. (245 ln/see> Temperature: Room-ambient 

(25,000 cyeles/min. ) 


Test Number Stress Cycles to Failure 


1 

8,608,300 

2 

3,641,600 

3 

7,772,640 

4 

8,706,600 

5 

7,397,000 

6 

2,467,840 

7 

1,732,600 

8 

7,748,600 

9 

2, 566 , 640 

10 

3,686,400 

11 

4,520,200 

12 

5,639,340 

13 

19,583,600 

14 

5,557,200 

15 

4,055,120 

16 

1,839,900 

17 

4,873,200 

18 

586,920 

19 

2 , 395 , 600 

20 

7,160,600 

21 

4,281,000 

22 

6,513,310 

23 

3,788,400 

24 

2,323,240 

25 

2,591,560 

26 

953,400 

27 

2,758,000 

28 

5,236,280 

29 

4,028,200 

30 

3,466,620 


Weibull Analysts 

1.43 x 10^ cycles 
4.37 x 10^' cycles 
1.68 


155 


8-10 Life: 
B-50 Life: 
Slope: 



Tallin 24_» Rolling, fnnt;u*t Fatj}’in» Tost:; •• VAR, VAKCP Matrix 11 . 

(To ,Mt 


Tout Omull lions 

Sbwx » 4,82b MPa (700 ktsO 

8 pood * 0.23 m/noo. (244 In/aoo) 
(28, 000 oyoloii/mtn. ) 

To at Numbor 
1 

3 

4 
4 
t> 

7 

8 

t) 

10 
n 
12 
1 1 
14 
14 
lb 
I 7 
18 
10 
20 

WollniU Analysis 

11- 1. 0 1,11 o ; 1 . (i 0 x 10 o v o 1 oa 
11-40 LUot 8.03 x UP' ovoloa 
Slopo; 2.34 


Sorloa wl 

l.uhrloant: M11.-1-7808 

Toraporatuvo ! Room-ambient 

Stroaa OyoJoa to Failure 
(»,1 51,200 
7,3 4 (i,(i 00 

1(1,001 ,.'i00 

4, l l > 4, 000 
11,111, 000 
4,321,080 

7.274.400 

8.111. 400 
14,D43, 300 

4.442.200 
10,240,400 
10, 708, 2.00 
1\ 422, l >20 

2,744,800 
7, l(i 41 ,840 
10, 000,800 

7. 1 8 8. 200 
2, 8b 3, 000 
0, 832,000 
0, 8.42,000 



Table 26. Hollins Contact TntiBuo Testa - VAR, A1SI 9310. 

(Test Series x) 


Test Pond it ions 

S m ax ** 4,826 MPa (700 ksi) 

Speed « 6.23 m/sec. (245 in/sec) 
(25,000 cycles /min.) 

Test Number 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

ir. 

.16 

17 

18 

19 

20 


Lubricant: MIIM, -7808 

Temperature : Room-ambient 

Stress Cycles to Failure 

18.885.000 

37 , 222 , 200 suspended 

36.117.080 suspended 

18,622,600 

37.982. 600 suspended 

36.669.000 suspended 

34.875.000 

16.965.000 

36 . 008 . 400 suspended 

36.235.400 suspended 

6,204,000 

36.057 . 080 suspended 

29.134.600 

36.142.000 suspended 
36,099,380 suspended 

36 . 044 . 600 suspended 

37.971.600 suspended 

36.072.000 suspended 

36.830.400 suspended 
37,523,500 suspended 


Weibull Analysis 

14.82 x 10 6 cycles 
61.50 x 10^ cycles 
1,32 


8 


li-10 Life: 
H- 50 Life; 
Slope: 



T:ib1 o 27. Rolling OonUKU l’;it Iruo 'lVsts - All- Multud, Oils bOO 


U't'fU Surlon v 1 


Tost Pundt t tuns 

S max * 4,82b Mi'a (700 ksl) 

Spac'd “ b.21 m/soo. (24 b Iii/hoc) 
(2*), 000 t-yoU’s/mlu. 1 

Tost Number 
l 

t 

1 

4 

5 

b 

-* 

i 

8 

9 

10 

11 

.12 

is 

i'i 

lb 

lb 

17 

is 

19 

20 

Wo 1 bull Analysis 

B-10 Li to: 7.21 \ 10 n oyolos 

b-bO Ufo: lb, 19 x 10° ovolos 
Slop a: 2,2 l > 


Lulu loam : MI1.-W80B 

1‘ompovai uro : Room-amblont 

St voss Pvulas to Failure 

8.040.000 

1 1 . 999 . 000 

n,os7,u4o 

18.218.400 
S ,4 '1,720 

18, 2 2b, 000 

1 7 , 7 IS , S00 suspended 
2b, Mb, 700 
10,914,040 

14.004.400 
lb ,00 1, 200 
12, V, 7, 720 

b , 000 , 400 

.10,002,400 suspended < 

19,9SS,770 

18,87b, 200 

17 , 827 , b 4 0 

11, bin ,400 

1 b , 401 , IbO 

20,801 , 700 


OS 



Table 28, Rolling Contact Fatigue TestB - VAR, CBS ^.QOOM. 

(Tear Series z) 


Test Conditions 

W " 4,826 MPa (700 ksi) 

Speed »6.23 m/sec. (245 in/sec) 
(25,000 cycles /min.) 

Test Number 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 
17 
13 
19 

Vfeibull Analysis 

B-10 Life: 1.00 x 10 6 cycles 

B-50 Life: 1.99 x 10 8 cycles 

Slope: 2.73 


Lubricant: MIL-L-7808 

Temperature : Room- ambient 

Stress Cycles to Failure 

1.879.000 
3,160,120 
2,324,400 
2,386,540 

1.145.200 
542 • 

, 1,465. r 

1, 333, V'0 

2.624.200 
3,598,700 
1,727,800 
1,924,740 

3.404.000 
1,762,320 
2,566,880 

1.780.200 

2.172.200 
2,660 , 00Q 
1,640,080 



Table 29. Rolling Contact Fat. sue Touts - VAR, AISI W-l. 

(Test Series a) 


Test Conditions 

S, nax * 4,826 MPa (700 ksi) 

Speed » 6.23 m/see. (245 in/sec) 
(25 ,000 eyeles/min. ) 

Test Number 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Weibull Analysis 

B-10 LiEe: 5.95 x 10 b cycles 

B-50 Life: 19.68 x 10 8 cycles 

Slope: 1.58 


Lubricant: MIL-L-7808 

Temperature : Room-ambient 

Stress Cycles to Failure 

16.027.400 

9,708,000 

35 , 942 , 480 suspended 

12.432.000 

34.100.000 

36 . 508 . 000 suspended 

16.279.000 
4,781,800 

17,656,020 

30,450,800 

15.549.000 
17,260,200 

36,489,700 suspended 

2,658,600 

10.877.600 

22.950.000 

18.878.400 

11.266.600 

23.640.000 

34,528,600 
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Table 30. Rolling Contact Fatigue Testa - VAR, AISI 0-2. 

(Teat Series P> 


Test Conditions 

s max " 4,826 MPa (700 ksi) 

Speed ■ 6.23 m/aee. (245 in/sec) 
(25,000 cycles/min.) 

Teat Number 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Weibull Analysis 

8-10 Life: 5.10 x 10& cycles 

B-5G Life: 18.70 x 10 6 cycles 

Slope: 1.45 


Lubricant : 

MIL-1,- 7808 

Temperature: 

Room- ambient 

Stress Cycles to Failure 

10,805,000 


19,800,000 


36,270,700 

suspended 

11,199,000 


13,320,000 


14,764,380 


15,990,000 


2,043,000 


36,470.460 

suspended 

18,482,200 


16,175,000 


37,951,180 

suspended 

19,855,000 


1,909,500 


37,530,940 

suspended 

6,278,400 


35,610,000 

suspended 

8,726,460 


26,850,000 


37,128,500 

suspended 
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Table 31. Rolling Contact Fatigue Tests - VAR, AISI S-2 

(Test Series y) 


Teat Conditions 

S max = 4,826 MPa (700 ksi) 

Speed * 6,23 m/sec. (245 in/sec) 
(25,000 cycles /min. ) 

Test Number 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Weibull Analysis 

B-10 Life: 1.23 x 10 ^ cycles 

B~50 Life: 5.41 x 106 cycles 

Slope: 1.27 


Lubricant: MIL-L-7808 

Temperature: Room-ambient 

Stress Cycles to Failure 

6,210,000 

4.430.000 
13,067,400 

11.275.000 

1 . 200.000 

26,525,420 

2.385.000 
4,865,500 

7.533.820 

5.805.000 

1.305.000 
19,353,920 

4.860.000 

11.895.000 

6.298.820 

7.230.000 

4.275.000 
1,673,800 
2,477,400 

3.240.000 
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Table 32. Rolling Contact Fatigue Tests - VAR, VASCO X-2 


(Test Series 6) 


Test Conditions 

s mnx = 4,826 MPa (700 ksi) 

Speed = 6.23 m/sec. (245 in/sec) 
(25,000 cycles/rain.) 

Test Number 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Weibull Analysis 

B- 10 Life: 6.31 x 10^ cycles 

B-50 Life: 15.13 x 10^ cycles 

Slope: 2,16 


Lubricant: M1L-L-7808 

Temperature: Room-ambient 

Stress Cycles to Failure 

7.288.200 

20,600,600 

28.898.200 

6.562.800 

9.999.800 

22.051.200 

5.440.200 

10.905.000 
31,485,360 

12.797.800 

15.856.000 
30,608,620 

14.385.200 
21,694,640 

17.058.800 
13,883,500 

8.488.600 

6.511.600 

16,192,600 

15.664.200 
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Table 3 3 . Rolling Contract Fatigue TV at - VAR, Nltralloy N. 


(Tost Series t 3 


Tost Conditions 

S ■ 4,826 MPa (700 ksi) 
max 

Speed « 6.23 tu/soo. <245 in/ sec) 
(25,000 eyeles/min.) 

Tost Number 
1 

3 

4 

5 

6 

7 

8 
) 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

We (bull Analysis 

15-10 Life: 2.30 x 10^ cycles 

B-50 Life: 4.90 x 10 cycles 

Slope: 2.48 


Lubricant: MII.-L-7808 
ILvpovatuve : Room-ambient 

Stress Cycles to Fat 1 jre 

7.845.000 

7.899.400 

2.265.600 

4.980.000 

5.408.400 

7 . 804 . 000 

6.585.000 
4,510.800 
7,066,460 

4.155.000 

5.370.600 
3,496,640 

1.875.000 

5.340.000 
2,125,380 

4.025.000 
7,995, 0 n 0 
2,404,940 
5, 465,0 JO 

3.600.000 
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Table 34. Rolling Contact Fatigue Teats - VIM-VAR, AISI 9310. 

(Test Series AA) 


Test Conditions 

S =4,826 MPa (700 ksi) 
max 

Speed = 6,23 m/sec. (245 in/sec) 
(25,000 cycles/min. ) 

Test Number 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

Weibull Analysis 

B-10 Life: 5.25 x 10*? cycles 

B-50 Life: 10,65 x 10 cycles 
Slope: 2.66 


Lubricant: MIL-L-7808 

Temperature: Room-ambient 

Stress Cycles to Failure 

10.920.000 

18.650.000 

8.895.000 

7.830.000 

7.950.000 

9.345.000 

6.600.000 

7.920.000 

9.870.000 

19.170.000 
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Tablo 15, Rolling Pont not Vat i >uio Tests - VAR. CBS 100PM* . 


(Test Rories Alll 


IV st Co tut it lent: 

Si - . 1 , 82 b MPa 1700 ksi) 

ill* I X 

Speed * b.2.8 rn/see, (245 in/seo! 
(25,000 eveles/mln.l 

Tost Number 

1 

> 

1 

>4 

5 

b 

t 

8 

9 

10 

We lint 11 Analysis 

B-10: 2.71 x 10^ eye 1 os 

8-50 : b,22 s 10 eve 1 os 

Slope: 2.27 


Lulu-leant: MI1.-L-7808 

Temperature : Room-ambient 

Stress Cycles to Failure 

1 , 880,000 

5 . 295.000 
2 , 857 , 4.10 

9 . 195.000 
4 , t '0 5 , 000 

5.280.000 

11,970,000 

9. 150. 000 

7.280.000 

4 . 440 .000 


* 

Heat treated by Timken Company 
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Table 36. Rolling Contact Fatigue Teats - VAR, CBS 1000M. 


(Test Series AC) 


Test Conditions 

S “ 4,826 MPa (700 ksl) 
max 

Speed ■ 6,23 m/sec, (245 ln/sec) 
(25,000 cycles/mln.) 

T est Number 

1 

2 

3 

4 

5 ' 

6 
7 
B 
9 

10 


Lubricant: MIL-L-7808 

Temperature: Boom-ambient 

Stress Cycles to Failure 

3.345.000 

2.450.000 

3.675.000 

4.365.000 

5.700.000 

3.705.000 

5.970.000 

1.950.000 

3.495.000 

6.135.000 


Weibull Analysis 


B-10 Life: 
B-50 Life: 
Slope: 


2.11 x 10' 
4.05 x 10 
2.89 


cycles 

cycles 
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Table 17 . Rolling Contact Fatigue Teats - VAR, HRS 500 ■ 


(Tost Series AD) 


Tost Conditions 

S - 4,826 MPa (700 ksi) 
max 

Speed " 6.23 m/soc. (24.6 in/soc) 
(25,000 cyclos/.nin. ) 

Tost Number 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

Wolbull Analysis 

B-IQ Life: 5.16 x 10? cvolos 

15-50 Life: 11.76 x 10 cycles 
Slope: 2.29 


Lubricant : MIL-L-7808 

Temperature : Rnom-ambien t 

Stress Cycles to Failure 

34.500.000 suspended 

5.850.000 

12.135.000 

6.825.000 

18.150.000 

12 . 210.000 

9.870.000 

10,575,000 

36,000,000 suspended 

5.925.0 3 
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Table 38. Rolling Contact Fatigue Tests - VAR, CBS 600. 

(Teat Series AE) 


Test; Conditions 

S max ■ 4,826 MPa (700 kal) Lubricant: MIL-L-7808 

Speed * 6.23 m/sec. (245 in/sc:) Temperature: Room-ambient 

(25,000 cycles/min.) 


Test Number 


Stress Cycles to Failure 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


14.610.000 

7.050.000 

7.215.000 

15.045.000 

5.150.000 

14.805.000 

12.255.000 

11.055.000 

10.860.000 
12,235,000 


Wolbull Analysis 

B-10 Life; 5.81 x lof 
B-50 Life: 11.01 x 10 6 
Slope: 2.95 


cycles 

cycles 
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Tab 1 o 39. Rolling Pontaet Fatlnne Tests - VAR, CDS bOO 

(TeaL So flow AF) 


Toat Conditions 

Sniax " ^t, 82 b MPa (700 ksl) 

Speed a Ci . 2 D m/seo. (245 Ln/see) 
(25 000 ovo los / m in . ) 

Tost Number 

1 

1 

3 

4 

5 
b 

7 

8 
9 

10 

Uc lb u 11 Analysis 

11-10 l.ife: 3.79 x 10 h cycles 

11-50 Life: 9.bl x 10^ ovolos 

Slope: 2.02 


Lulu* leant : M1L-1.-7B08 

Temperature : Room- a mb i on t 

Stress Ovo 1 os to Failure 

b , 270,000 

7.800.000 

1 5 . 540.000 
1 5 , bOO , 000 

4.250.000 

5.025.000 
lb, 3b 5, 000 

9,859,999 

14.024.000 

5.430.000 
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Table 40. Rolling Contact Fatigue Tests - VAR, AISI 9310. 

(Base Line Test) 


Test Conditions 

Smax ■ 4,826 MPa f700 ksi) Lubricant: MIL-L-7808 

Speed = 6.23 m/sec. (245 in/sec) Temperature: Room-ambient 

(25,000 cycles /min.) 


Test Number 


Stress Cycles to Failure 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


12.240.000 

11.250.000 

10.500.000 

3.690.000 

10.500.000 

5.130.000 

9.660.000 

7.300.000 

19.544.000 

7.170.000 


Welbull Analysis 

B-10 Life: 4.18 x 10^ cycles 

B-50 Life: 9.43 x 10^ cycles 


Slope: 2.31 
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FIGURE 36 . RCF Test Results of VAR, Vasco 



e, Stress Cycles 


rix II (Test Series w) 





FIGURE 37. RCF Test Results of VAR, AISI 


Test Conditions: 


Max. Hertz Stress: 4,826 KPa (700 ksi) 

Speed: 6.23 m/sec (245 in/sec) 

Lubricant : MIL-L-7808 

Tempei ature : Room-ambient 

Failure Index: 6/20 


< i i » i t i I I I i i — i — 1—1 -l 

10 8 

, Stress Cycles 


(Test Series x) 




FIGURE 38. RCF Test Results 


Fatigue Life, Stress Cycles 
Air Melted CBS 600 (Test Series y) 



Cumulative Failure, Percent 



FIGURE 39. RCF Test Results of VAR CBS 1000M (Test Series z) 



Cumulative Failure, Percent 





Cumulative Failure, Percent 






Cumulative Failure, Percent 



Fatigue Life, Stress Cycles 


FIGURE 42. RCF Test Results of VAR, AISI S-2 (Test Series y) 







Cumulative Failure, Percent 



Fatigue Life, Stress Cycles 

FIGURE 44. RCF Test Results of VAR Nitralloy N (Test Series e ) 







Cumulative Failure, Percent; 



FIGURE 46. RCF Test Results of VAR, CBS-1000M (Te3t Series AB) 





Test Cc.ndltio.ia : 

H 2 J:. Hertz Stress; 4,626 IS? 2 . (700 ksi) 
Speed: 6.22 t/sec (245 in/sec) 

Lubricant: JtIL-L-7808 

Tesperat-re: Sooe-asbiest 

Failure Index: 10/10 











Cumulative Failure, Percent 



FIGURE 49. RCF Test Results of VAR, CBS 600 (Test Series AE) 



Cumulat tvo Kuilutv, lVtvt'ut 



FIGURE 50. RCr Test Results of VAR, CBS 600 (Test Series AF) 




Cumulntlvt' Ftilluro , IWoont 



FIGURE 51. 


RCF Test Results of VAR AISI 9310 (Baseline) 




Appendix C 


Table 41. Summary of RCF Test Results of Test Materials Cor Phase I^ fl ^ . 


Test 

Series 

Test Materials 
(Melting Process) 

B-10 Life 
xlO^ Cycles 

B-50 Life 
xl06 Cycles 

Weibull 

Slope 

Failure^ 0 ) 

Index 

u 

Super Nitralloy 
(VIM-VAR)< b > 

2.44 

4.69 

2.89 

20/20 

V 

Nitralloy 135 
(Air Melted) 

1.43 

4.37 

1.68 

30/30 

w 

Matrix II 
(CVM) 

3.60 

8.03 

2.35 

20/20 

X 

A1SI 9310 
(CVM) 

14.82 

61.50 

1,32 

6/20 

y 

CBS 600 
(Air Melted) 

7.20 

16.39 

2.29 

18/20 

z 

CBS 1000M 
(CVM) 

1.00 

1.99 

2.78 

20/20 

a 

AISI W-l 
(CVM) 

5.95 

19.68 

1.58 

17/20 

8 

AISI 0-2 
(CVM) 

5.10 

18.70 

1.45 

14/20 

Y 

AISI S-2 
(CVM) 

1.23 

5.41 

1.27 

20/20 

<S 

Vasco X-2 
(CVM) 

6.31 

15.13 

2.16 

20/20 

E 

Nitralloy N 
(CVM) 

2.30 

4.91 

2.48 

20/20 

Base 

Line 

AISI M50( d > 
(VIM-VAR) 

3.80 

6.30 

3.30 

250/250 


(a) Test Conditions: Maximum Hertz Stress: 4,826 MPa 

(700 ksi) 

Speed: 6.23 m/sec (245 in/sec) 

Lubricant: MIL-L-78G8 

Temperature: Room-ambient 

(b) Melting Process 

(c) Number of failures out of total number of tests, 

(d) 12 heats of M50 were tested. 
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Table 42. Summary of RCF Tost Results ol' Tost Material a for Phase II 


(a) 

4 


Test 

Series 

Test Materials 
(Melting Process) 

B-10 Life 
xlO* 5 Cycles 

U-50 Life 
xl0 f) Cycles 

Weibull 

Slope 

Failure^ 

Index 

AA 

AXSX 9310 
(VIM-VAR) 

5.25 

10.65 

2.66 

10/10 

All 

CBS 1000M 
(CVM) (Timken) 

2,71 

6.22 

2.27 

10/10 

AC 

CBS 1000M 
(CVM) (GE) 

2.11 

4.05 

2.89 

10/10 

AD 

CBS 600 
(CVM) 

5,16 

11,76 

2.29 

8/10 

AE 

CBS 600 
(CVM) 

5.81 

11.01 

2.95 

10/10 

AF 

CBS 600 
(CTO) 

3.79 

9.61 

2.02 

10/10 

Base 

Line 

AISI 9310 
(CTO) 

4.18 

9.43 

2.31 

10/10 


(a) Test Conditions: Maximum Hertz Stress: A, 826 MPa (700 ksi) 

Speed: 6,23 m/sec (245 in/sec) 

Lubricant: MIL-L-7808 

Temp era t u r e : Room- a mb 1 en t 

(b) Melting Process 

(c) Number of failures out of the total number of tests. 
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Append lx J) 


Table 43. Summary of Metallurgical Characteristics 
of Tost Materials for Phase I . 


Test 

Series 

Test Materials 
(Melting Process) 

Kf ft 
Case 
mm 

ctivo 
Popth^*' 
(in. ) 

Surface , 
Hardness^ 
HRC 

Core 

Hardness 

HRC 

Retained H*) 

Austen;] te 

•si 

u 

Super Nitralloy 
(V1M-VAU) 

0.4 3 

(0,017) 

60 . 4 

42.0 

4.8 

V 

Nitralloy 135 
(Air Melted) 

0. lb 

)9.015) 

60.6 

35.0 

HBjjl 

w 

Matrix 11 
(OVM) 



--- 

62. 6 


1 

■1 * ** 

X 

AISI 9310 
(CVM) 

o.: ' 

(0.030) 

60.4 

41.0 

EH 

y 

CHS 600 
(Air Melte.l 


(0.030) 

65.0 

44 . 0 

8.7 

St 

CBS 1000M 
(CVM) 

0.76 

(0.030) 

60.1 

45.0 

N.D. 

0 

AISI W-l 
(CVM) 

— 


61.2 

— 

6 . 6 

8 

AISI 0-2 
(CVM) 

— 


warn 



warn 


AISI 8-2 
(CVM) 

--- * 

**■' 

60.4 

— 

wm 

i 

Vasco X-2 
(CVM) 

0.89 

(o.oi:^ 

60.0 

43.0 

22.0 

t' 

Nitralloy N 
(CVM) 

0.38 

(0,015) 

62 . 9 

46.0 

N.D. 


(a) Rockwell Superficial 15-N were measured on each finished test bar and 
converted to HRC. 

(b) Measured on the surface of finished test bars by X-ray diffraction 
analysis. 

(c) N.D. represents "not detected." 

(d) Depth below the surface at which HRC 58 occurs. 
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